ABSTRACT. Objective. In order to predict the partial pressure of volatile anesthetics in brain tissue, we developed a pharmacokinetic simulation model suitable for real time application.
INTRODUCTION
In clinical practice, the end-expiratory partial pressure has conventionally been used as a measure of inhaled volatile anesthetic partial pressure in brain tissue. However, a dissociation must exist between the partial pressure in end-expiratory gas and in the brain, especially when the anesthetic concentration in inspiratory gas is changing, such as introduction or emergence phase of anesthesia. In order to predict volatile anesthetic partial pressures in brain tissue more precisely for practical use, we developed a pharmacokinetic model for volatile anesthetics [1, 2] . We then evaluated the accuracy of this model by comparing the predicted values against the measured values of anesthetic partial pressures for blood in the internal jugular vein, which was used as a measure of the anesthetic partial pressure in the brain. In this study sevo£urane was used as an anesthetic. We also examined factors in£uencing the measured values of the internal jugular venous blood samples.
METHODS AND MATERIALS
The models of Lowe et al. [3] were modi¢ed by Sanjo et al. [1, 2] to develop a model suitable for clinical and real-time application. We have further improved the Sanjo model. Our model consists of six compartments: alveoli, arterial blood, a group of vessel-rich organs (VRG), muscle, fat, and venous blood. The sevo£urane partial pressure and its rate of rise in each compartment were calculated using the parameters as reported in previous studies (Table 1) . End-inspiratory anesthetic partial pressures were determined using the anesthetic concentration waveform obtained from respiratory gas analysis by a mass spectrometer, and these values were inserted into a following model. The equations actually employed are as follows:
For alveolar gas (A):
For arterial blood (a):
For the group of vessel-rich organs (VRG VRG):
For the muscle group (MG):
For the fat group (FG):
For venous blood (v):
where P = partial pressure (mmHg), V = tissue volume (l), Q = tissue blood £ow (l/min), VA A = alveolar minute ventilation (l/min), FRC = functional residual capacity (l), VAD AD/VAT AT = alveolar dead space ventilation ratio, Qs/Qt = pulmonary shunt ratio, I = inspiratory gas, b = blood, A Aideal = ideal alveolar gas, v inflow = in£ow to the venous compartment, and ! = partition coe¤cient. We used the ¢xed value of 0.05 for VAD AD/VAT AT [7] , and also the ¢xed value of 0.05 for Qs/Qt [8] .
PA Aideal is the alveolar partial pressure with real gas exchange. VA AÂ(PI I-PA Aideal) means the supply of sevo£urane to ideal alveoli per minute, and Q Â !b/g Â (Pv À PA Aideal) means the residual in alveoli per minute. We take FRC for the volume of alveoli.
We regarded simulated anesthetic partial pressures in the VRG as re£ective of those in the brain. Thus,
being the basic underlying assumption. (B means the brain, and``sim'' means the value calculated using our simulation model.) All of the calculations shown above were achieved by bed-side and real-time use of NEC PC-9801RA Õ personal computer.
This study was approved on July 29th, 1992, by the local Ethics Committee, which consisted of an assistant professor of central supply department of our hospital, an assistant professor of surgical center of our hospital, (Table 1 ). The inspiratory and expiratory gas was sampled from the distal end of the endotracheal tube. The sevo£urane partial pressures in inspiratory and end-expiratory gas (PI I S and PET ET S ) were measured with a mass spectrometer (Perkin-Elmer 1100 Medical Gas Analyzer Õ , Pomona, California, U.S.A.). Arterial and internal jugular venous blood samples were obtained simultaneously at 0 min (before sevo£urane administration) and 1, 2, 4, 9, 16, and 25 min after the start of inhalation.
All blood samples (approximately 1 ml) were immediately placed into gas-tight glass vials of known volume and mass, and each vial was then individually weighed and shaken at 37 ³C for 30 min. The sevo£urane concentration in the gas within the vial was measured using a Shimadzu GC-14A Õ gas chromatograph (Kyoto, Japan). The column was Shinwakakou Sanpak-A Õ (Kyoto, Japan) ¢lled with porous polymer beads and maintained at 120 ³C. A nitrogen carrier stream was delivered at a £ow rate of 50 ml/min through the column to a £ame ionization detector at 140 ³C, into which hydrogen and air was supplied. The chromatographic area was proportional to the anesthetic concentration over the entire range of concentrations studied. These measurements were calibrated with the inspiratory gas obtained from the ventilation circuit 16 min after the start of inhalation in each patient in order to compare the gas chromatographic measurements against the analyzed inspiratory and expiratory gas data and the simulation values.
The sevo£urane partial pressure in each blood sample (arterial blood; Pa S , and internal jugular venous blood; Pj S ) was converted to the corresponding concentration, based on gas chromatographic measurements and the blood/gas partition coe¤cient of sevo£urane measured in each patient, using the following formula:
where Vb = volume of blood, Vg = volume of the gas in the vial, Cb = concentration of anesthetic in blood, Cg = concentration of anesthetic in the gas in the vial, and ! = blood/gas partion coe¤cient of sevo£urane. The blood/gas partition coe¤cient of sevo£urane (!) was determined in duplicate using split samples for each patient as described below. Seven milliliters of blood was drawn into an approximately 30 ml glass vial sealed with a silicone-Te£on septum. Approximately 10 "l of sevo£urane in the liquid phase was added to the vial, which was then shaken vigorously at 37 ³C for 15 min. Then, a small amount of gas was drawn from the vial to obtain a slightly negative internal pressure. The vial was again shaken vigorously at 37 ³C for 30 min, after which the anesthetic concentrations in the gas and blood phases were determined. The concentration of anesthetic in gas was analyzed by direct injection into the gas chromatograph. Then, 2 ml of the equilibrated blood in the vial was extracted and promptly placed into another evacuated vial with a volume of 9.05 ml. The vial was shaken vigorously for 30 min at 37 ³C and the pressure within the vial was brought to ambient pressure by the addition of room air. The vial was again shaken vigorously at 37 ³C for 30 min, after which the anesthetic concentration in the equilibrated gas was analyzed by direct injection into the gas chromatograph. The blood/gas partition coe¤cient (!) was determined using the following formula:
where Vb = volume of blood, Vg = volume of the gas in the second vial, Cg = concentration of anesthetic in the gas phase in the ¢rst vial, Cg H = concentration of anesthetic in the gas phase in the second vial, and ! = blood/gas partition coe¤cient of sevo£urane.
PET ET S were multiplied by 713/760 to compensate for water vapor. The results obtained for the blood samples were converted to equilibrium gas concentrations at 1 standard atmosphere. Then, the values of PI I S , PET ET S , Pa S , Pj S , and PB B S sim (the sevo£urane partial pressure for simulated brain converted to equilibrium gas concentration) were compared to each other.
We also drew a curve of the ratio Pj S to Pa S with respect to time, which is thought to re£ect the sevo£u-rane absorption curve of all the brain tissue. Then we calculated 63% rise time of this curve, and tried curve¢tting for this curve using the least squares method and Akaike's information criteria [9] . Samples of internal jugular venous blood were drawn via a 20-gauge 2-inch catheter in the right internal jugular vein. In each patient, 5% glucose solution was rapidly infused into a cutaneous vein of the right forearm. Blood glucose values for internal jugular venous blood before and during the infusion were measured and compared to check for contamination by blood from the right subclavian vein.
Statistical analyses were performed using the paired t-test to identify di¡erences between groups and to determine correlation coe¤cients. Unless speci¢cally mentioned, the level of signi¢cance was p`0.05.
RESULTS
The blood/gas partition coe¤cient of sevo£urane (!) was 0.633 AE 0.098 (mean AE standard deviation).
The sevo£urane partial pressure rose in the following order: Pj S , PB B S sim, Pa S , PET ET S , and PI I S (from least rapid to most rapid) ( Figure 1 , Table 2 ).
The di¡erences between Pj S and PB B S sim were smaller than the di¡erences between Pj S and PET ET S at all sampling points after the start of sevo£urane inhalation (p`0.01). PB B S sim did not di¡er signi¢cantly from Pj S at any of the sampling points after 4 min from the start of inhalation, while PET ET S di¡ered signi¢cantly from Pj S at all sampling points (p`0.05). With respect to other comparisons between these parameters, di¡erences between PI I S and PET ET S and di¡erences between Pa S and Pj S were seen at all sampling points, while di¡erences between PET ET S and Pa S were seen only at 4 and 9 min.
Concerning the ratio of Pj S to Pa S , we obtained a curve of Pj S /Pa S (Figure 2 , open circle line) and the value of 7.85 AE 1.92 min (mean AE standard deviation) as 63% rise time of this curve. We also obtained the best¢t curve of Pj S /Pa S (Figure 2 , ¢ne line) and equation of this curve as follows, using the least squares method and Akaike's information criteria [9] .
where k = 0.932, td = 6.563. The blood glucose values of internal jugular venous blood before and during rapid infusion of 5% glucose solution into a cutaneous vein of the right forearm were 129.0 AE 17.2 and 128.6 AE 32.3 (mg/dl, mean AE standard deviation) respectively, and the values did not di¡er signi¢cantly from each other.
DISCUSSION
In the present study, only the sevo£urane partial pressure is focused and we cannot describe the depth of anesthesia, because of the varying sensitivity for the same sevo£urane partial pressure. Further study concerning the varying sensitivity is needed to predict the real anesthetic depth, but it is clear that to know anesthetic partial pressure in the brain is one large and important part in predicting the depth of anesthesia.
End-expiratory anesthetic concentration is often used clinically as a measure of the partial pressure of volatile anesthetic in the brain. This study has demonstrated that PET ET S^P j S (i.e., a dissociation between PET ET S and Pj S ) exists, and that PET ET S has a relatively high margin of error as a measure of anesthetic partial pressure in the brain. On the other hand, PB B S sim, the predicted value for the brain obtained using our model, closely re£ected Pj S , which is thought to be a more accurate measure of anesthetic partial pressure in the brain. Throughout the observation period, PB B S sim was closer to Pj S than to PET ET S (Figure 1) . At all sampling points after the start of inhalation, the di¡erences between Pj S and PB B S sim were smaller than the di¡erences between Pj S and PET ET S . The di¡erences between Pj S and PB B S sim were not signi¢cant at all sampling points after 4 min of inhalation, while the di¡erences between Pj S and PET ET S were signi¢cant at all sampling points. These observations demonstrate that our model is more useful for predicting anesthetic partial pressure in the brain.
If we regard the sevo£urane partial pressure in internal jugular venous blood as re£ecting the sevo£urane partial pressure in the brain, the following two points must be considered:
(1) Contamination of internal jugular venous blood samples by blood from tissues other than the brain. (2) The sevo£urane time-reaction curve of brain tissue.
(1) Contamination of internal jugular venous blood samples by blood from tissues other than the brain
We found no signi¢cant di¡erence between the measured blood glucose values of right internal jugular venous blood before and during the rapid infusion of 5% glucose solution into a cutaneous vein of the right forearm. Based on this observation, we can rule out contamination of internal jugular venous blood samples by blood from the subclavian vein.
The pharyngeal veins, facial vein, retromandibular vein, lingual vein, and superior and middle thyroid veins usually £ow into the internal jugular vein. Shenkin et al. [12] reported that the fraction of blood from tissues other than the brain in the blood of the superior bulb of the internal jugular vein is 6% at maximum and 2.7% on average, and concluded that it could be ignored. Kotani et al. [13] investigated the cerebral circulatory index by comparing superior jugular bulb blood with blood sampled at a point only 10 mm distal to clavicle in the monkey, which is known to have vascular anatomy similar to man. They concluded that di¡erences due to the sampling point could be ignored. Epstein et al. [14] reported that the blood return from brain tissue shifted from the vertebral venous plexus to the internal jugular veins during inter- mittent positive pressure ventilation in the supine position, as is the case for patients under anesthesia. Thus, we can assume that the degree of contamination is not great.
(2) The sevo£urane time-reaction curve of brain tissue
There are at least two reasons for di¡erences between Pa S and Pj S . First, anesthetic uptake by brain tissue continues until equilibrium with arterial blood is achieved. However, the other reasons are not so clear. Figure 2 shows the ratios of Pj S to Pa S (Pj S /Pa S ) as a open circle line. This curve is thought to re£ect the sevo£urane absorption curve of all brain tissue, and the shaded area indicates the dissociation between Pa S and Pj S . Our result of 7.85 AE 1.92 min (mean AE standard deviation) for the 63% rise time of this curve is larger than the time constant of brain tissue estimated from each parameter value by Lowe et al. [3] and Yasuda et al. [4] . We can estimate the value of 3.74 for the brain/ blood partition coe¤cient of sevo£urane from our result, while Yasuda's value was 1.70. If we employ our estimated brain/blood partition coe¤cient in our model, PB B S sim will increase more slowly and approach Pj S , resulting in greater accuracy. With our newly obtained value for the partition coe¤cient, there is a possibility that the accuracy of our model is improved, and needs to be tried and tested using a new group of patients. One reason for this discrepancy might be that internal jugular venous blood samples were contaminated by blood from tissues other than the brain. But we can assume that the degree of contamination is not great, as discussed above.
As a second possibility, we should consider the differnces between dead and living brain tissue. The sevo£urane brain/blood partition coe¤cient reported by Yasuda et al. [4] was measured using samples obtained from cadavers, which may be responsible for some of the di¡erences from our results.
We employed the Pa S after an inhalation time of 25 min as a reference value for the reaction time. An inhalation time of 25 min was thought to be su¤ciently long, based on the time constant of brain tissue estimated from conventional measures. This Pj S /Pa S curve is best ¢tted to a two-compartment model, using the least squares method and Akaike's information criteria [9] . The best-¢t curve (dotted line) and its equation are shown in Figure 2 . The ¢rst term in parentheses is for the ¢rst compartment, and the second term is for the second compartment. In addition, the denominator of ech exponent is the time constant (in minutes) of each compartment. The second compartment behaves as a constant component because it has a very large time constant and the exponent of the second term is almost zero, re£ecting the large time constant of Pj S /Pa S and the dissociation between Pa S and Pj S after equilibrium has almost been reached. It is di¤cult to conceive that contamination is the reason for the existence of the second compartment because the time constant is too large for muscle, skin, or thyroid tissue.
This may mainly re£ect brain uptake. Because of the very large time constant of the second compartment, the entire brain can be thought to consist of two subcompartments: one with relatively small time constant, and the other with extremely large time constant.
CONCLUSION
The sevo£urane partial pressures in brain tissue predicted using a pharmacokinetic model were compared against values measured in blood obtained from the internal jugular vein. The predicted value calculated using our model was found to be more e¡ective and useful than the value obtained from end-expiratory gas as a clinical indicator of the sevo£urane partial pressure in brain tissue. This is particularly true during induction of anesthesia and whenever the sevo£urane concentration in the inspiratory gas is changed because no other measure clearly re£ects the depth of anesthesia. In the present study, we could indicate the way to predict the sevo£urane partial pressure in brain tissue, but we cannot mention the depth of anesthesia. This is because of the varying sensitivity for the same sevo£urane partial pressure, and further study is needed to predict the anesthetic depth.
